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Abstract
This Letter reports results from the partial wave analysis of the π−π−π+η final state in π−p collisions at 18 GeV/c.
Strong evidence is observed for production of two mesons with exotic quantum numbers of spin, parity and charge conjugation,
JPC = 1−+ in the decay channel f1(1285)π− . The mass M = 1709±24±41 MeV/c2 and width Γ = 403±80±115 MeV/c2
of the first state are consistent with the parameters of the previously observed π1(1600). The second resonance with mass
M = 2001 ± 30 ± 92 MeV/c2 and width Γ = 333 ± 52 ± 49 MeV/c2 agrees very well with predictions from theoretical
models. In addition, the presence of π2(1900) is confirmed with mass M = 2003 ± 88 ± 148 MeV/c2 and width Γ =
306 ± 132 ± 121 MeV/c2 and a new state, a1(2096), is observed with mass M = 2096 ± 17 ± 121 MeV/c2 and width
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110 E852 Collaboration / Physics Letters B 595 (2004) 109–117Γ = 451 ± 41 ± 81 MeV/c2. The decay properties of these last two states are consistent with flux tube model predictions
for hybrid mesons with non-exotic quantum numbers.
 2004 Elsevier B.V. Open access under CC BY license. 1. Introduction
States outside the constituent quark model have
been hypothesized to exist almost since the introduc-
tion of color [1–4]. Hybrid mesons, qq¯ states with
an admixture of gluons, and glueballs, states with no
quark content, rely on the self interaction property of
gluons due to their color charge. Looking for glueballs
would be the most obvious way to find evidence for
states with constituent gluons; however, the search is
hindered by the fact that these states may significantly
mix with regular qq¯-mesons in the region where the
lightest are predicted to occur. As such, they may not
be observable as pure states and disentangling the ob-
served spectra may be a very difficult task. Instead, hy-
brid mesons (qq¯gn) may be a better place to search for
evidence of resonances outside the constituent quark
model, especially since the lightest of theses states are
predicted to have exotic quantum numbers of spin, par-
ity, and charge conjugation, JPC , that is, combinations
that are unattainable by regular qq¯-mesons.
Several candidates for JPC = 1−+ exotic states
have been reported in the last few years. In the ηπ−
decay channel strong evidence was discovered for
a state at around 1.4 GeV/c2 by the BNL experi-
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10 Deceased, December 2001.ment E852 [5]. This was later confirmed in an in-
dependent analysis by the Crystal Barrel Collabora-
tion [6]. A second JPC = 1−+ state at 1.6 GeV/c2
has been observed in two decay modes, ρ0π− [7]
and η′π− [8]. The interpretation of these states as hy-
brids is still unclear since the flux tube model pre-
dicts that the decay of a JPC = 1−+ hybrid into two
S-wave mesons should be highly suppressed as com-
pared to decays into a P - and an S-wave meson [9,
10], and their masses are lower than model predictions
of 1.8 − 2.0 GeV/c2 [4,11,12]. The non-qq¯ quantum
numbers can also be explained by formation of a four
quark state (qq¯qq¯).
An analysis of the K+K¯0π−π− final state by
BNL experiment E818 [13] reported a broad structure
in the JPC = 1−+ wave in the region from 1.6 to
2.2 GeV/c2, which suggested two objects, one at
1.7 GeV/c2 and the other around 2.0 GeV/c2. The
lower mass object had a substantial coupling to the
final state η(1295)π−, whereas the one at higher mass
was dominated by f1(1285)π−. However, due to lack
of statistics a firm conclusion on the resonant behavior
of these two states was not possible.
The main objective of the analysis presented here
was to look for the decay X−(J PC = 1−+) →
f1(1285)π−, which is predicted to be one of the
strongest decay modes of the lightest exotic hy-
brid [10]. The f1(1285) was detected in its decay
mode to π−π+η. An earlier analysis of this decay
channel with data from the 1994 data taking period
of E852 showed agreement with the data from E818,
but lack of statistics made it difficult to resolve states
in the spectra [14].
2. Experimental setup and data selection
Data for this analysis were taken during the 1995
running of E852 at the Multi-Particle Spectrometer.
The Alternating Gradient Synchrotron provided an
18 GeV/c π− beam which was incident upon a 30-
cm long liquid hydrogen target. A detailed description
E852 Collaboration / Physics Letters B 595 (2004) 109–117 111Fig. 1. (a) γ γ mass after selecting 2 photons in the LGD for a sample of the total data set. The vertical line indicates the cut to select η → γ γ
events. (b) γ γ mass after additional fiducial and geometry cuts.of the experiment can be found elsewhere [5,15]. The
analysis presented here is based on the pπ+π−π−γ γ
final state which is a subset of the approximately 109
triggers collected in this run period. The trigger for
this data set required a large-angle charged track in the
cylindrical drift chamber surrounding the target, three
charged tracks in downstream tracking chambers and
energy deposited in the Lead Glass Detector (LGD).
In the first stage of the analysis charged tracks were
reconstructed and a requirement on the number of pho-
ton candidates in the lead glass detector array was
imposed. This reduced the total initial data set from
265 × 106 to about 10.5 × 106 events. As can be seen
from the γ γ mass distribution (Fig. 1(a)) the spec-
trum at this stage is dominated by events containing
π0 → γ γ decays. The two-photon mass was there-
fore restricted to values greater than 300 MeV/c2, in-
dicated by the vertical line in Fig. 1(a), in order to
select events containing η(547) in its decay mode to
γ γ . At this stage a fiducial cut on the target volume
and on the LGD were performed as well, reducing
the data set to approximately 750 000 events. The γ γ
mass after these cuts presents a clear signal for the
η with a signal-to-background ratio of approximately
1 : 1 in the mass region from 0.45 to 0.65 GeV/c2
(see Fig. 1(b)). The mass of the recoil particle and theγ γ mass were constrained to the mass of the proton
and to the mass of the η in a kinematic fit [16]. The
confidence-level from the fit was required to be greater
than 10%.
Further improvement in the sample purity was
achieved by comparing the measured φ angle of the
recoil track to the proton angle obtained from the fit.
Events were removed if the difference between these
two angles was greater than 20◦. A small elliptical
region corresponding to the size of the beam envelope
passing through the chambers was defined. Events
with tracks passing through this region where the
chambers became inefficient were removed from the
sample.
The π−π+η invariant mass (Fig. 2) clearly shows
the η′(958) and the f1(1285)/η(1295). The hatched
histogram shows the event sample after rejecting
events where either of the two possible combina-
tions of π−π+η were consistent with the mass of
the η′(958). This cut significantly reduces the num-
ber of waves required by the partial wave analysis.
Of the 82 645 events in the final data set, 68 900
were passed to the partial wave analysis (PWA) by
restricting the π−π−π+η (3πη) mass to values be-
tween 1.3 and 2.9 GeV/c2 and the four momentum
transfer, t , to the range −1.5  t  −0.1 (GeV/c)2.
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t-distribution can be fitted to the function f (t) ∝ eb|t |
with b = −4.36, consistent with peripheral production
of mesons. This range in t was chosen because the de-
tector has low acceptance at t near zero, and a change
in slope below −1.0 (GeV/c)2 may indicate a new
production mechanism (see Fig. 3(b)). The PWA was
Fig. 2. π−π+η mass distribution before (unhatched) and after
(hatched) rejecting events that contain η′(958) → π−π+η. Note
that there are two entries for each event.performed on the data set shown as the hatched his-
tograms in Fig. 3.
3. Partial wave analysis
3.1. PWA—description of the method
Since there are many wide and overlapping states
with different JPC that contribute to the 3πη final
state in the mass range of interest, the extraction of
these states is facilitated by performing a partial wave
analysis, where not only the mass, but also the angular
distributions are taken into account.
In the PWA program [17] the isobar model [18]
is used to describe the decay of each event. In this
model the X− system decays into the 3πη final state
via successive two-body decays, which can occur via
two paths
X− → I1 + B1,
I1 → I2 + B2,
(1)I2 → B3 + B4,
X− → I1 + I2,
(2)I1,2 → B1,3 + B2,4.
The decay products are classified into two categories,
isobars (In), which themselves decay further, andFig. 3. (a) 3πη mass for the final data set. (b) Four momentum transfer distribution for the final data set. The distribution is fitted to the function
f (t) ∝ eb|t | . The hatched distributions indicate events that are passed to the PWA.
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are considered stable.
The total intensity of the 3πη system is a super-
position of both interfering and non-interfering sets of
states produced in the reaction, and can be written as
(3)I (τ ) =
∑
,k
∣∣∣∣∣
∑
α
Vkα
Aα(τ )
∣∣∣∣∣
2
,
where Vkα and Aα(τ ) are the production and de-
cay amplitudes, calculated in the helicity basis [19].
The variable τ labels the eight kinematic variables de-
scribing the 3πη events. The variable k corresponds to
the two possible orientations of the proton spin, thus
restricting the rank of the spin-density matrix to no
more than two and  is the reflectivity of the state X−.
The decay amplitudes are calculated in the reflectivity
basis since for a π beam the reflectivity of the pro-
duced state coincides with the naturality of the ex-
changed particle and parity conservation constraints
break up the spin-density matrix into two block diago-
nal sub-matrices [20]. Each wave entering the PWA is
described by a set of quantum numbers, α,
(4)α = {JPCLSl1s1l2s2m(M1,Γ1)(M2,Γ2)},
where L and ln indicate the orbital angular momenta
between the two-body decay products, S and sn their
spins, m the projection of the spin J onto the z-
axis and M1,2 and Γ1,2 the masses and widths of the
isobars in the reaction. In this Letter we concentrate
on results from states decaying via the primary decay
chain (1). For simplicity these waves will be labeled as
JPCm[I1B1]L.
The quantities Vkα are independent of τ and are
determined from an extended maximum-likelihood
fit. The experimental acceptance was determined by
means of a Monte Carlo simulation and then incorpo-
rated into the normalization for each wave [17].
Partial waves were restricted to J,L 4 since high
spin waves are believed to be of little significance in
the low mass region under consideration. Since the
proton helicities of the initial and final state differ at
most by 1, m was restricted to |m| 1 [5,15].
The decay of the isobars f1(1285) and η(1295) into
π+π−η can occur via the following three modes
f1/η → a+0 π−, f1/η → a−0 π+,
(5)f1/η → ση,where σ is the (ππ)S -wave interaction and a±0 →
ηπ±. In order to reduce the number of parameters
entering the fit, amplitudes containing the first two
of these decays were added together using isospin
conservation
A(f1/η → a0π)
(6)
= 1√
3
[
A
(
f1/η → a−0 π+
)+ A(f1/η → a+0 π−)].
We verified from the fits that A(f1/η → a+0 π−) =
A(f1/η → a−0 π+) before constraining the waves in
later fits. In a similar fashion the decays of the
a−1 (1260) into ρπ−, which can occur with relative
orbital angular momentum l = 0 (S-wave) or l = 2
(D-wave), were combined into one wave, using
(7)
A
(
a−1 → ρ0π−
)= A(a−1 → (ρ0π−)S)[1 + Re−iφ],
where the ratio R = |D|/|S| and the phase difference
φ = φS −φD were determined from several different
waves in the fit. They were found to be
(8)R = 0.24 ± 0.02, φ = −2.3 ± 0.14
in agreement with an earlier measurement [7]. The
parametrization by Au, Morgan, and Pennington [21]
was used to describe the σ . For the f1(1285) and
the η(1295) isobars, the experimental decay widths
were used, taking into account the resolution of the
apparatus. For other states the published values were
employed [22].
Every fit contained a non-interfering background
term with isotropic angular dependence in order to
account for non-resonant background and for small
waves which were omitted from the fit. Numerous
fits with varying wave sets were performed in order
to achieve a good description of the various mass
and angular distributions. The final wave set was
composed of 53 partial waves (complex amplitudes)
for each of the two ranks plus the above mentioned
background wave, which amounted to a fit with (53 ×
4 + 1) = 213 parameters. The list of waves used is
shown in Table 1.
The spectrum is dominated by positive reflectiv-
ity waves, and the background wave contains approxi-
mately 1/3 of the total strength. Figs. 4 and 5 show the
three most important f1π− waves and the two largest
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List of waves used in the final PWA fit
JPCm Primary decay L S # of waves
0−+0− η(1295)π− 0 0 2
0−+0− a−0 (980)σ 1 0 1
2++0− a−2 (1320)σ 0 2 1
2++0− a−2 (1320)ρ 1, 3 1, 2, 3 6
1−+1+ a−0 (980)ρ 0 1 1
1−+1+ a−1 (1260)η 0 1 2
1−+1+ f1(1285)π− 0 1 2
1−+1+ ρ′(1460)π− 1 1 1
1++0+ a−0 (980)ρ 1 1 1
1++0+ a−1 (1260)η 1 1 2
1++0+ f1(1285)π− 1 1 2
1++0+ a−2 (1320)η 1 2 1
1++0+ ρ′(1460)π− 0, 2 1 2
1++0+ ρ3(1690)π− 2 3 1
2−+0+ a−2 (1320)η 0 2 1
2−+0+ ρ′(1460)π− 1 1 1
2−+0+ a−1 (1260)η 2 1 2
2−+0+ f1(1285)π− 2 1 2
2++1+ π−2 (1670)η 0 2 2
2++1+ a−2 (1320)ρ 1 1, 2, 3 3
2++1+ a−2 (1320)η 1 2 1
3++0+ a−2 (1320)η 1 2 1
3++0,1+ a−2 (1320)ρ 1 2, 3 4
3++0+ a−1 (1260)η 3 1 2
4++1+ a−2 (1320)ρ 1 3 1
4++1+ a−2 (1320)ρ 3 1, 2, 3 3
4++1+ a−1 (1260)η 3 1 2
4++1+ a−2 (1320)η 1 2 1
4++1+ π−(1800)η 4 0 2
Background 1
non-f1π− waves as the points with the error bars. Fur-
ther details on the PWA can be found in Ref. [15].
The PWA intensity distributions and phase differ-
ences for the waves shown in Fig. 4 were fitted by a
least squares minimization to linear combinations of
relativistic Breit–Wigner poles with mass dependent
widths and Blatt–Weisskopf barrier factors [5]. The
phase difference between two waves α and α′
(9)φαα′ = arg
(∑
Vkα
V ∗kα′
)
kis only well-defined if they are produced coherently
in the two spin orientations k. Therefore, a small
number of mass bins were excluded from the fit if the
coherence
(10)Cαα′ =
|∑k VkαV ∗kα′ |√
(
∑
k |Vkα|2)(
∑
k |Vkα′ |2)
dropped below 60%. Since the barrier factors are inde-
terminate below the f1π− threshold, the distributions
were only fitted for M3πη > m(f1) + m(π). In the
fit the masses and widths of the previously observed
π2(1670) and a1(1700) were fixed at the values taken
from Ref. [7].
The best fit was achieved with 2 poles each in
the 1++0+f1π−P and 1−+1+f1π−S waves and three
poles in the 2−+0+f1π−D wave. The resonance
parameters for this fit are listed in Table 2 and an
overlay with the results from the PWA fit is shown in
Fig. 4 as the black solid line. The quoted widths are the
fitted values and do not take experimental resolution
into account. The fit has a chi-squared per degree-
of-freedom χ2ν = 1.5 with 47 degrees-of-freedom.
Negligible variations in the results were observed if
the Chung parametrization for the mass dependent
width [23] was used.
A fit with only one pole in the 1−+1+f1π−S wave
was tried as well and the results are shown as the
dashed lines in Fig. 4. For this fit the 1−+1+f1π
intensity was only fitted up to 1.94 GeV/c2, while all
the other intensities and phase differences were fitted
up to 2.6 GeV/c2. The dramatic increase in χ2ν to
8.3 with 46 degrees-of-freedom, due primarily to the
drastic change in behavior of the phase differences of
the JPC = 1−+ wave with respect to the other two
waves (see Fig. 4(d) and (e)), strongly supports the
existence of a second exotic state at higher mass. The
systematic errors on the masses and widths listed in
Table 2 were determined by fitting results from PWA
fits with different wave sets and varying the parameters
of the π2(1670) and a1(1700) within the error bars
determined in Ref. [7].
3.2. PWA—results
The exotic 1−+f1π− contribution is only ob-
served in positive reflectivity waves, indicating that
the process is mediated by exchange of natural parity
E852 Collaboration / Physics Letters B 595 (2004) 109–117 115Fig. 4. PWA results: f1(1285)π− intensity distributions (a) 1++0+f1π−P , (b) 2−+0+f1π−D, (c) 1−+1+f1π−S and phase difference
distributions (d) φ(1−+)−φ(2−+), (e) φ(1−+)−φ(1++), (f) φ(1++)−φ(2−+). The results from a least squares fit are overlaid as the solid
line (two poles in the 1−+f1π wave) and the dashed line (one pole in the 1−+f1π wave).reggeons, most likely ρ(770) or f2(1270)/Pomeron.
This result agrees with previous observations [13,14].
The 1−+1+f1π−S wave shows significant strength
at 1.709 GeV/c2, which could be interpreted as the
π1(1600), even though this mass is somewhat higher
than in previous analyses [7,8]. According to pre-
dictions from the flux tube model the decay of a
JPC = 1−+ hybrid into f1(1285)π should be domi-
nant over the decay mode η′(958)π [9,10]. Comparing
the present analysis of the f1(1285)π− decay mode
with a previous analysis of the η′(958)π− decay mode
from the same raw data set [8], we obtain the ratio
(11)
R1 = BR[π1(1600)→ f1(1285)π]BR[π1(1600)→ η′(958)π] = 3.80 ± 0.78,
where the error is statistical only. R1 was calculated
assuming that the π1(1600) reported in the η′(958)π−
final state [8] is the same resonance as the low-
mass state reported here in the f1π− decay mode.
Since slightly different selection criteria were imposed
in the two analyses, the number of 1−+ events in
the present analysis were normalized by the ratio of
η′(958)π− events in the data set from Ref. [8] to theTable 2
Results of the mass-dependent fit
Wave Mass [MeV/c2] Γ [MeV/c2]
1++0+f1πP 1714 (fixed) 308 (fixed)
2096 ± 17 ± 121 451 ± 41 ± 81
2−+0+f1πD 1676 (fixed) 254 (fixed)
2003 ± 88 ± 148 306 ± 132 ± 121
2460 ± 328 ± 263 1540 ± 1214 ± 718
1−+1+f1πS 1709 ± 24 ± 41 403 ± 80 ± 115
2001 ± 30 ± 92 333 ± 52 ± 49
Table 3
Comparison of number of η′(958)π− events and events in
the π1(1600) peak for the analyses of 3πη (this work) and
η′(958)π− [8] from the same initial data set collected under the
same trigger conditions
N(η′π−) N(π1)
3πη data set 5885 17 619 ±3452
η′(958)π− data set 6040 8755±525
observed number of η′(958)π− events in the present
data set, prior to the mass-cut shown in Fig. 2. Table 3
lists the numbers used to determine this ratio, where
the number of 1−+ events is an integration over the
116 E852 Collaboration / Physics Letters B 595 (2004) 109–117Fig. 5. PWA results: Intensity distributions for the (a) 1++0+a−1 (1260)ηP and (b) 2−+0+a−2 (1320)ηS waves. The solid line indicates the
result from a fit to Breit–Wigner distributions to determine branching ratios for these waves.width of the respective Breit–Wigner distributions (see
Fig. 2(c) in Ref. [8] and Fig. 4(c) in this Letter).
The observed distribution of the total JPC = 1−+
strength from this analysis is also in good agreement
with the results from the E818 analysis of π−p →
K+K¯0π−π− [13] and from the previous analysis of
the 3πη final state from E852 [14]. However, the
strong coupling of the low mass state to η(1295)π−
reported in Ref. [13] was not observed in the two
E852 analyses. In fact the 1−+η(1295)π− waves were
omitted from the fit in this work since they were very
small and showed no indication of resonance behavior.
The ratio
(12)R2 = BR[π1(1600)→ f1(1285)π]BR[π1(1600)→ η(1295)π]
which is predicted to be 2.5 if the π1(1600) is a hy-
brid [9], is therefore probably quite large. Further-
more, in the theoretical estimate R2 depends strongly
on the mass of the π1 and changes rapidly as the mass
increases from 1.6 to 1.7 GeV/c2 [9]. The low mass
of this state, the value of R1, and the uncertainty in
the ratio R2 (both experimental and theoretical) make
an interpretation of the π1(1600) as a flux-tube hybrid
questionable at this point. Further clarification is ex-
pected from the analysis of the b1(1235)π− final state,
which is currently underway [24].
Because of its mass and also since it has not
been seen in any of the final states ηπ , η′π , or
ρπ , the second pole in the 1−+1+f1π−S wave at
2.001 GeV/c2 is an excellent hybrid-meson candidate.
It has also been observed in the other predicted strong
decay mode b1(1235)π− at about the same mass [24].In the 1++0+f1π−P wave the previously ob-
served a1(1700) is seen together with a higher ly-
ing state at 2.096 GeV/c2. Since the a1(1700) has
been interpreted as the first radial excitation of the
a1(1260) [25], the a1(2096) emerges as a candidate
for the second radial excitation or a hybrid meson with
regular quantum numbers (non-exotic hybrid). The hy-
brid interpretation is supported by the observation of a
strong decay of the a1(2096) into a1(1260)η in this
analysis. In order to determine the relative decay ratio
between these two modes the a1(1260)η intensity was
fitted to a Breit–Wigner with the mass and width fixed
at the values found in the fit of the 1++0+f1(1285)π
wave (see Fig. 5(a)). The ratio
(13)
R3 = BR[a1(2096)→ f1(1285)π]BR[a1(2096)→ a1(1260)η] = 3.18 ± 0.64
which is predicted to be 3 [9] if the a1(2096) is
a hybrid, was determined assuming that ρπ is the
dominant decay of the a1(1260). The error quoted for
R3 in (13) is statistical only.
Lastly, 3 poles were needed to describe the very
complex 2−+0+f1π−D spectrum. The distributions
show a weak signal for the π2(1670), together with
two poles at 2.003 GeV/c2 and 2.46 GeV/c2. A π2
state at high mass has been observed previously [22,
26], but in the present fit the state at 2.46 GeV/c2
is extremely broad and the data span only the low-
mass side of the peak. A likely interpretation is that
a great deal of strength in this wave may be associated
with background, which can be fitted to a broad Breit–
Wigner shape. The lower mass state at 2.003 GeV/c2
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1.9 GeV/c2, seen earlier in a2(1320)η decays [27,
28]. The a2(1320)η decay mode of the π2(1900) was
also observed in this analysis and the result is shown
in Fig. 5(b). The a2η intensity was fitted to a Breit–
Wigner shape with the mass and width fixed at the val-
ues from the 2−+0+f1π fit. The ratio R4 was found to
be
(14)
R4 = BR[π2(1900)→ a2(1320)η]BR[π2(1900)→ f1(1285)π] = 22.7 ± 7.3
which agrees very well with the flux-tube model pre-
diction of R4 = 23 for the decay of a 2−+ hybrid me-
son at this mass [9]. Again, the error in (14) is statisti-
cal only.
4. Conclusions
We have performed a mass-dependent partial wave
analysis of 68 900 events of the type π−p → ηπ+ ×
π−π−p. Evidence is found for two resonances in
the JPCm = 1−+1+ exotic wave in the decay mode
f1(1285)π−, which is predicted by the flux tube
model to be one of the favored decay channels for
hybrid mesons with these quantum numbers. The
states are produced only in positive reflectivity, con-
sistent with ρ(770) or f2(1270)/Pomeron exchange.
The low mass state with M = 1.709 GeV/c2 and
Γ = 0.403 GeV/c2 may be identified with the previ-
ously observed π1(1600). The second state with M =
2.001 GeV/c2 and Γ = 0.333 GeV/c2 has a mass that
is in accord with predictions for a hybrid meson. Based
on its decay properties the π1(2000) must be consid-
ered a hybrid candidate at this time. Interpretation of
the π1(1600) based on existing data and model predic-
tions is problematic. Further clarification on the nature
of both these states are expected from the results of the
analysis of the ωππ final state.
In the JPCm = 1++0+ wave evidence is found
for the a1(1700) in the f1(1285)π− decay mode.
A second state at 2.096 GeV/c2 was observed in both
the f1(1285)π− and the a−1 (1260)η decay channels.
The mass of the higher mass state and the relative
decay fraction of its two observed decay modes are in
very good agreement with predictions for a non-exotic
hybrid from the flux tube model.The JPCm = 2−+0+ wave shows weak pro-
duction of the π2(1670) decaying into f1(1285)π−.
Strong evidence is found for the production of the
non-exotic hybrid candidate π2(1900) in the previ-
ously observed a−2 (1320)η channel, as well as in the
f1(1285)π− decay mode. The mass and decay prop-
erties of this state are consistent with flux-tube model
predictions for a non-exotic hybrid.
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